Abstract Galectin-3 (Gal-3), a member of the β-galactoside-binding gene family, distributes inside and outside the cell and has pleiotropic biological functions such as cell growth, cell adhesion, cell-cell interaction, and mRNA processing in a specific situation. In particular, Gal-3 in the nucleus plays a pivotal role in the regulation of cancerrelated gene expression, including cyclin D1, TTF-1 and MUC2, presumably associated with tumor progression. Therefore, to understand the mechanism of nuclear import of Gal-3 is very significant and might be developed to the new approach for the cancer treatment. In this review, we focus on the role of Gal-3 in the nucleus and the molecular mechanism of nuclear import pathways of Gal-3, providing the hints for the inhibition of Gal-3 function.
Introduction
Galectins are a family of carbohydrate-binding proteins that exhibit diverse biological activities [1, 2] . These proteins contain at least one conserved carbohydrate recognition domain (CRD) of about 130 amino acids and are categorized into three major groups based on the organization of CRD; the prototype, the chimera type and the tandem repeat type [3] . So far, 15 mammalian members of the galectin family have been isolated and identified [2] .
Probably, the most studied member of the galectin family concerning with cancer is probably galectin-3 (Gal-3). Gal-3 has the unique structure in the family, i.e. the sole chimera type of galectin, and consists of three distinct structural domains as follows; (1) a short N-terminal domain that contains a serine phosphorylation site, (2) a repeated consensus sequence of glycine, tyrosine and proline, and (3) a C-terminal domain that contain one carbohydrate recognition domain (CRD) [1] [2] [3] . It is ubiquitously expressed and has multiple biological functions depending on its subcellular localization. In general, extracellular Gal-3 mediates cell migration, cell adhesion, and cell-cell interactions through its carbohydrate-binding property, whereas cytoplasmic Gal-3 exerts anti-apoptotic activity and modulates several signal transduction pathways [4, 5] . Gal-3 is also found in the nucleus as a nuclear matrix protein involved in pre-messenger RNA splicing or the Hedgehog signal-transduction pathway, mainly interacting with Gemin4 and Sufu (Suppressor of fused), respectively [6] [7] [8] . These findings suggest that Gal-3 could be one of the essential factors for the normal cell proliferation and/or development in the nucleus. In addition, nuclear Gal-3 is likely to play a critical role in tumor progression through the regulation of specific gene expression interacting with the transcription factors [9] [10] [11] .
Because Gal-3 is a key factor in tumor progression and metastasis, many researchers have tried to inhibit its function as a cancer treatment and developed inhibitors targeted to Gal-3 [12] . It is essential to understand the nuclear import mechanism of Gal-3 for the further development of Gal-3 function inhibition, especially in the nucleus.14]. Therefore, in this review, we provide a brief overview of the role of Gal-3 in the nucleus and the molecular mechanism of its import pathway into the nucleus as it relates to the development of cancer treatment.
2 Involvement of Gal-3 in the regulation of cancer-related gene expression
In 1986, Gal-3, described as CBP-35 at that time, was found in the nucleus of mouse 3T3 fibloblast cells using an immunofluorescence staining [15] . After that, it was revealed that Gal-3 is accumulated in the nucleus of proliferating fibloblast cells and acts as a pre-mRNA splicing factor through the direct interaction with Gemin4 involving in splicesome assembly [6, 16, 17] . Thus, Gal-3 is contained as a nuclear extracts and constitutes a part of an interacting dynamic network of many factors involved in the splicing and transport of mRNA [18] .
Many researchers reported the correlation between Gal-3 subcellular distribution and prognosis in various cancers using clinical samples [19] [20] [21] . These findings promoted us to investigate the function of nuclear Gal-3 in the cancer cells. Previous studies found persistent overexpression of Gal-3 in the breast cancer cells using transfection promoted the up-regulation of cyclin D1, a key molecule for the cell cycle regulation and a potential oncogene in human cancer [22] . Consequently, the role of Gal-3 on cyclin D1 gene expression was revealed and it showed that Gal-3 induces cyclin D1 promoter activity in human breast epithelial cells independent on cell adhesion. This induction of the cyclin D1 promoter by Gal-3 results from the enhancement and stabilization of nuclear protein-DNA complex formation at the SP1 and cAMP-responsive element (CRE) site of its promoter region. This study provided an evidence of function of nuclear Gal-3 in the regulation of gene transcription for a cancer cell growth promoting activity [9] . Similarly, in the nuclei of papillary thyroid cancer cells, Gal-3 directly interacts with the thyroid-specific TTF-1 transcription factor, whose expression is maintained in papillary cancer, and upregulates the transcriptional activity of TTF-1, contributing to the proliferation of the thyroid cells [10] . This stimulating activity would account for a possible molecular mechanism that Gal-3 controls proliferation in thyroid cells, resulting in cancerous status of thyroid [23] . In addition, Gal-3 can regulate MUC2 mucin expression at the transcriptional level via AP-1 activation in human colon cancer cells [11] . MUC2 mucin, a high molecular weight carbohydrate-rich glycoprotein, is a major secreted mucin in large and small intestines and expressed strongly in the patients with mucinous colorectal carcinomas. Initially, this protein was found to directly bind to Gal-3 [24] . Thereafter, it was revealed alterations in Gal-3 expression levels correlated with both MUC2 protein expression and transcriptional activity. By using MUC2 promoter constructs of different lengths, it was found that Gal-3 could react with a promoter region containing the AP-1 binding site. Detailed analyses suggested an association between Gal-3, c-Jun, and Fra-1 in forming a complex at the AP-1 site on the MUC2 promoter [11] . Thus, Gal-3 functions as an enhancer and modulator of several transcription factors to regulate the gene expression in several cancer cells.
Of note, phosphorylation of Gal-3 seems to be necessary and essential regarding with the exertion of its function in the nucleus. It was reported Gal-3 undergo phosphorylation at the residue of Ser 6 by casein kinase 1 and dephosphorylation by protein phosphatase 1 [25, 26] , and this phosphorylation regulates the export of Gal-3 from the nucleus [27] . Mutant Gal-3, which cannot be phosphorylated at this Ser 6 site, has no effect on the upregulation of the gene expression of cyclin D1, whereas wild type Gal-3 does [28] . This result means the phosphorylation of Ser 6 is a critical event for exertion of Gal-3 function as a modulator of gene expression. To support this, a recent study revealed that phosphorylation of Gal-3 contributes to malignant transformation of human epithelial cells via modulation of unique sets of genes [29] . A microarray analysis of 10,000 human genes identified 188 genes that were differentially expressed between wild type Gal-3 and phosphomutant Gal-3 transfectants of BT549 breast carcinoma cell, and, in particular, RT-PCR and immunoblot analysis confirmed that C-type lectin 2, insulin-like growth factor-binding protein 5, protease serine 3, dual specifity phosphatase 6, and cyclin D1 were upregulated in wild type Gal-3 transfectants compared to mutant Gal-3 transfectants. This suggests the promoter region of these genes is also upregulated by direct interaction of Gal-3 and phosphorylation of this protein is necessary for regulation of unique sets of genes that play a role in malignant transformation.
Taken together, Gal-3 play a crucial role in the regulation of specific gene expression dependent on a cell type through the interaction with various transcription factor and phosphorylation is required for exerting its activity (Fig. 1) .
In many ways, this review is largely a review of our recent two papers [13, 14] and less a review of the work of others. We also neglected to indicate a number of references where needed.
3 The molecular mechanism of nuclear import pathway of Gal-3
Despite the better understanding of the function of Gal-3 in the nucleus, the detailed mechanism of how Gal-3 is imported to the nucleus had been unveiled since there is no typical nuclear localization signal (NLS) in its protein sequence [30, 31] . Regarding with nuclear import of Gal-3, three reports have pointed out the essential sequences of Gal-3 for its nuclear localization using transfection assay [32] [33] [34] . In these studies, Gong et al. concluded that deletion of the first 11 amino acids of human Gal-3, which contains a Ser 6 phosphorylation site, leads to a predominant cytoplasmic distribution, whereas Gaudin et al. [33] showed that an N-terminal deletion mutant of hamster Gal-3 could be localized in the nucleus even when up to 103 amino acids were deleted. In a recent study, Davidson et al. [35] indicated that the C-terminal deletion mutant of mouse Gal-3 showed loss of nuclear localization and suggested that Gal-3 nuclear import was dependent on the IXLT type of nuclear localization sequence in the end of C-terminal region, supporting the conclusion of Gaudin et al. [33] . It seems that these inconsistencies may not result from the use of different cells or the use of different species of Gal-3, but suggest the multiple or complicated nuclear import mechanism of Gal-3 rather than the simple transport system. Moreover, all these reports cannot explain the direct pathway whereby Gal-3 enters the nucleus but just show the essential sequence for the nuclear accumulation of Gal-3 since only transfection assay using various deletion mutants was performed in these studies and Gal-3 is a nucleocytoplasmic protein shuttling between the cytoplasm and the nucleus [35] .
Therefore, to examine the detailed molecular mechanism of Gal-3 nuclear import pathways, we introduced an in vitro nuclear import assay using the digitonin-permeabilized cells in addition to an in vivo transfection assay [13] . This in vitro assay was used to show the direct nuclear import mechanism of many nuclear proteins [36, 37] . Firstly, we transfected the constructs of various Gal-3 deletion mutants fused with EGFP and determined the essential domain for its nuclear localization in vivo as shown in other reports. Considering the possible passive diffusion into the nucleus of small molecule under 60 kDa, we fused monomer to trimer of EGFP (approx. 26 kDa) with human Gal-3 (approx. 32 kDa) and examined by transfection assay. We showed that deletion mutant of the last 10 amino acids from the C-terminus (1-240) fused with monomer EGFP can dramatically abrogate the nuclear accumulation, supporting the conclusion of Davison et al. However, the peptide of this last 10 amino acids of Gal-3 fused with trimer of EGFP cannot be accumulated in the nucleus in the transfected cell, suggesting the speculation of Davidson et al. that Gal-3 nuclear import was dependent on the IXLT type of nuclear localization sequence in its C-terminal end is questionable. Interestingly, the deletion mutant of entire CRD (1-115), i.e. the peptide including long N-terminal region of Gal-3, can predominantly translocate into the nucleus in the transfected cells even fused with trimer of EGFP. This result can partially support the conclusion of Gong et al., which was denied by other reports. Collectively, incomplete forms of CRD region of Gal-3 tend to abrogate the nuclear accumulation, whereas N-terminal region of Gal-3 promotes the nuclear import activity in the transfected cells.
Further examination of the nuclear import system of Gal-3, involved an in vitro nuclear import assay using recombinant Gal-3 fused with fluorescent material or EGFP in a digitonin-permeabilized cell. Recombinant wild type Gal-3 protein was prepared that is conjugated with fluorescent material (F/Gal-3) or with monomer EGFP (Gal-3/GFP), whose molecular mass is approx. 32 and 60 kDa, respectively, to discriminate the potential activity of accommodation within the nuclear pore complex by a passive diffusion Fig. 1 The role of galectin-3 in the nucleus for tumor progression. After galectin-3 is accumulated in the nucleus, it is phosphorylated at the Ser 6 site and exerts up-regulation of several cancer-related gene expression system that allows free entry of small proteins up to 60 kDa. In the typical transporting system, both Gal-3 recombinant proteins were not able to migrate into the nucleus, presumably due to the stronger binding to the cell surface glycoproteins. To block this interaction, lactose, which is the inhibitor of Gal-3 binding capacity, was added to the transport buffer, and assayed in this modified condition. Interestingly, F/Gal-3 can be imported into the nucleus without any soluble factors in this condition, suggesting that wild type Gal-3 can be imported to the nucleus by a passive diffusion. One may consider that lactose addition with in vitro assay has an artificial effect to assess the nuclear import mechanisms in vivo. In the case of highly expressed Gal-3 in cancer cells or inhibition of its sugar binding capacity with a small cytoplasmic binding partner, there is the possibility of Gal-3 nuclear import by a passive diffusion. On the other hand, it was shown that Gal-3/GFP, whose molecular mass is too large to pass through the nuclear pore complex, can be imported to the nucleus by active transporting system in the condition of lactose addition. This transport seems to be mainly dependent on the N-terminal region of Gal-3, supporting the result from the transfection assay. In addition, this is independent of any soluble factor or ATP, similarly to the importin-β and β-catenin nuclear import pathway [38, 39] .
Unfortunately, with this in vitro nuclear import assay system, we cannot prove another possible Gal-3 nuclear import pathway through its carbohydrate-binding capacity or dependent on the CRD since Gal-3 predominantly binds to the cell surface with the lack of lactose addition, therefore different approach is necessary to show the CRD dependent nuclear import pathway of Gal-3 if possible. We have searched the protein sequence of Gal-3 and identified an NLS-like sequence, 223 HRVKKL 228 , in the C-terminal region of the human Gal-3, and showed the novel pathway of Gal-3 into the nucleus by importin-mediated nuclear import system [14] . Importin-α is the receptor subunit that recognizes the NLS, a cluster of basic amino acid residues that complex with importin-β for passage through the nuclear pore, meaning NLS-containing proteins, like p53, are transported into the nucleus by this importin-mediated transporting system [40, 41] . This nuclear import is rapidly and strongly performed and the localization of Gal-3 fused with SV40 T-antigen NLS is predominantly detected in the nucleus, so the interaction between Gal-3 and importin-α proteins is relatively weak through its NLS-like sequence. In this sequence, substitution of Arg to Ala at position 224 (R224A), but not the substitution of Lys to Ala at position 226 or 227 (K226A, K227A) of the human Gal-3 efficiently abolished nuclear localization in the transfected cells, indicating the pivotal role of Arg 224 for Gal-3 nuclear accumulation. We also showed the direct interaction between Gal-3 and importin-α proteins dependent on this Arg 224 residue using GST pull down assay and BiFC analysis. Thus, Gal-3 can also migrate into the nucleus by means of importin-α/β complex and the residue of Arg 224 is a key factor for this novel pathway.
Taking this into consideration, there is also the possibility that several cytoplasmic anchor proteins lead Gal-3 nuclear translocation by a passive diffusion or an active transporting system whereas no more evidence has been shown about the concrete binding molecule of Gal-3 regarding with the nuclear translocation. Moreover, Gal-3 can form a dimer or even a pentamer in a specific situation, so it is also possible for Gal-3 to be imported by active transport as a dimer [42] Fig. 2 Possible mechanism of the nuclear import of galectin-3. The nuclear import pathways of galectin-3 are governed by a passive diffusion and the complicated active transporting system or a pentamer [43] formation dependent on the condition or proliferation status of cell.
We have described a scenario for the outlines of the overall process of Gal-3 nuclear translocation including the possible mechanism and pathways (Fig. 2) . After Gal-3 is synthesized in the cytoplasm, it exists mainly as a monomer form and partially as a dimer or pentamer. It also could localize in the cytoplasm by binding to the cytoplasmic anchor proteins through its β-galactoside binding activity or interact with importin-α/β complex through its NLS-like sequence. Then, Gal-3 enters the nucleus by either passive diffusion or active transport system. These diverse and complicated manners might indicate that the nuclear import after synthesis of Gal-3 protein in the cytoplasm is necessary and essential to be phosphorylated and maintain its molecular stability.
Conclusion
Gal-3 is considered as a therapeutic target for several cancers, and many researchers have invented and developed the inhibitor for it. For example, modified citrus pectin (MCP), which is modified from a natural plant polysaccharide, i.e. citrus pectin, has been reported to inhibit Gal-3 mediated cellular functions, such as the formation of tumor cell emboli in blood circulation [44] . Several reports have also indicated the establishment of various Gal-3 inhibitors, but all inhibitors have been established to target the CRD region of Gal-3 for the inhibition of its sugar binding capacity. Details concerning with the inhibitors of Gal-3 were described in another review [12] .
Meanwhile, it seems difficult to perfectly inhibit the nuclear entry of Gal-3 considering the existence of multiple and complicated nuclear import pathways as described above. However, to inhibit its nuclear import and function in the nucleus efficiently as possible, we suggest it is reasonable to be targeted the N-terminal region of Gal-3. The N-terminal region of Gal-3 contains a glycine, tyrosine, and proline repeat motif as well as the serine phosphorylation site, and this unique structure is not observed in any other galectins. Moreover, this region can mainly regulate the active nuclear import of Gal-3 and phosphorylation should be essential for the exertion of nuclear Gal-3 function as a regulator of gene expression, so the targeting to the N-terminal region of Gal-3 is significant and useful in this point. Of course, the permeability of inhibitors to the cell membrane is also important and should be considered in their development.
